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Radiation-pressure-induced optomechanical coupling permits exquisite control of micro- and meso-
scopic mechanical oscillators. This ability to manipulate and even damp mechanical motion with
light—a process known as dynamical backaction cooling—has become the basis for a range of novel
phenomena within the burgeoning field of cavity optomechanics, spanning from dissipation engineer-
ing to quantum state preparation. As this field moves toward more complex systems and dynamics,
there has been growing interest in the prospect of cooling traveling-wave phonons in continuous op-
tomechanical waveguides. Here, we demonstrate optomechanical cooling in a continuous system for
the first time. By leveraging the dispersive symmetry breaking produced by inter-modal Brillouin
scattering, we achieve continuous mode optomechanical cooling in an extended 2.3-cm silicon waveg-
uide, reducing the temperature of a band of traveling-wave phonons by more than 30 K from room
temperature. This work reveals that optomechanical cooling is possible in macroscopic linear waveg-
uide systems without an optical cavity or discrete acoustic modes. Moreover, through an intriguing
type of wavevector-resolved phonon spectroscopy, we show that this system permits optomechanical
control over continuously accessible groups of phonons and produces a new form of nonreciprocal
reservoir engineering. Beyond this study, this work represents a first step towards a range of novel
classical and quantum traveling-wave operations in continuous optomechanical systems.
INTRODUCTION
The ability to control and harness optical forces
within mesoscale systems has enabled a range of cavity-
optomechanical devices as the basis for numerous classi-
cal and quantum operations [1]. Integral to these devel-
opments is a technique called sideband cooling, in which
dynamical backaction is used to produce a net cooling ef-
fect on a mechanical oscillator [2–5]. In the framework of
cavity optomechanics, this is accomplished using an op-
tical cavity to enhance and manipulate optomechanical
coupling to discrete phonon modes. This strategy for op-
tomechanical cooling is central to a host of novel function-
alities and dynamics, ranging from precision metrology [6]
to quantum state generation [7–9] and fundamental tests
of quantum decoherence [10]. Beyond single-mode cavity
optomechanics, intriguing opportunities are presented by
extended optomechanical systems that possess many de-
grees of freedom. For example, multimode optomechan-
ical devices [11–14], optomechanical arrays [15–19], and
waveguide-coupled resonators [20–23] offer new strategies
for everything from reservoir engineering [18, 24, 25] to
quantum networking on a chip [13, 20–23].
An intriguing limiting case of these systems is known as
continuum optomechanics [26], in which optical fields are
used to control and manipulate sound waves in a transla-
tionally invariant medium [26, 27]. These extended, op-
tically transparent systems give rise to a continuum of
optically addressable acoustic states [28], and could open
the door to novel forms of squeezing [13], optomechanical
quantum networks [21, 29, 30], and quantum nonlinear
optics [31] with unprecedented optical and acoustic band-
width. An important step towards these novel operations
is the ability to selectively heat or cool traveling-wave
phonon fields within continuous optomechanical waveg-
uides.
As a form of distributed optomechanical coupling, Bril-
louin interactions could provide a promising avenue for
controlling groups of phonons in continuous systems,
and have recently been proposed as a potential method
for achieving continuum optomechanical cooling [32, 33].
While spontaneous Brillouin scattering has been used to
cool phonon modes within discrete cavity-optomechanical
systems [34], Brillouin cooling in a continuous system has
yet to be demonstrated. Recent theoretical work has pro-
posed the use of high-gain Brillouin-active waveguides to
achieve continuum optomechanical cooling [32]. However,
this analysis suggested that cooling of this type might be
beyond the reach of most experimental systems.
In this Letter, we demonstrate phonon cooling in a con-
tinuous optomechanical system for the first time. Using
a phase-matched Brillouin process in a multimode op-
tomechanical waveguide, we are able to selectively ad-
dress and cool phonons within a continuous band of
accessible states—without the need for an optical or
acoustic resonator. Due to the wavevector-selective na-
ture of this process, the inter-band Brillouin coupling
in this macroscopic (cm-scale) waveguide system is suffi-
cient to reduce the temperature of a band of traveling-
wave phonons by more than 30 K from room temper-
ature. Leveraging this phase-matched interaction, we
perform wavevector-resolved phonon spectroscopy and
demonstrate wavevector-tunable phonon control. In this
way, we are able to selectively probe and cool continu-
ously accessible groups of phonons, simply by tuning the
wavelength of the incident light. In addition, we develop
a succinct theoretical framework to understand our ob-
servations and present general guidelines for continuum
optomechanical cooling in extended waveguide systems.
Since this continuous system does not possess discrete
acoustic modes, we show that this type of cooling can
be viewed as a form of wavevector-selective reservoir en-
gineering that yields nonreciprocal phonon transport.
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FIG. 1: Panel (a) illustrates the waveguide system and basic operation scheme. Probe light (green) of frequency ωp is coupled
into the symmetric spatial mode of a Brillouin-active silicon waveguide through an integrated mode multiplexer (M1). This light
interacts with forward- and backward-propagating thermal phonon fields, which produce respective Stokes (red) and anti-Stokes
(blue) sidebands that propagate in the antisymmetric spatial mode. An integrated mode multiplexer (M2) then demultiplexes
the scattered light for spectral analysis. (b) illustrates the optical Stokes and anti-Stokes spectra produced by spontaneous
inter-modal Brillouin scattering due to (bi) forward- and (bii) backward-propagating phonons, respectively. The spectral width
of each sideband reveals the temporal dissipation rates and lifetimes of the phonons participating in the Stokes and anti-Stokes
processes. Panel (c) depicts the suspended silicon ridge waveguide that guides both optical and acoustic waves. Panels (d)-(f)
illustrate the energy conservation and phase-matching requirements for these spontaneous Brillouin processes. (d)-(e) plot the
optical dispersion relations for the symmetric and antisymmetric optical modes as well as the phonons that mediate the Stokes
and anti-Stokes scattering. In the Stokes process, the phonon that mediates scattering from initial state (open circle) to the
final state (closed circle) is a forward-propagating field. By contrast, as diagrammed in (e), phase-matching dictates that the
phonon responsible for anti-Stokes scattering must be a backward-propagating wave. These two phonons must satisfy the acoustic
dispersion relation for the Lamb-like acoustic mode that mediates inter-modal scattering, as shown in (f). In this system, the
Stokes and anti-Stokes phonons are essentially degenerate in both Brillouin frequency and wavevector magnitude but propagate
in opposite directions. (g) This spontaneous process simultaneously reduces the thermal occupation 〈n(q)〉 of phase-matched
backward-propagating phonons and increases that of the phase-matched forward propagating phonons. As a result, an incident
laser field drives the average momentum of the thermal bath of phonons out of equilibrium, producing a net phonon flux. (hi)
diagrams the cross-sectional geometry of the hybrid photonic-phononic waveguide. Panels (hii) and (hiii) plot the x-polarized
component of the TE-like symmetric (Ex1 (x, y)) and antisymmetric (E
x
2 (x, y)) simulated mode profiles, respectively. (hiv) shows
the simulated strain profile of the 6-GHz elastic mode that mediates spontaneous inter-modal scattering. Here, we have plotted
εxx, which is the dominant component in the inter-modal acousto-optic coupling.
RESULTS
We demonstrate continuous-mode phonon cooling by
leveraging a guided-wave optomechanical process, termed
inter-modal Brillouin scattering [35, 36], within a 2.3 cm-
long photonic-phononic waveguide. This optomechanical
silicon waveguide is fabricated from a single-crystal silicon-
on-insulator (SOI) wafer (for more information see Sup-
plementary Section 5). Throughout the device, light is
guided by total internal reflection using a ridge waveg-
uide structure, which supports low-loss guidance of TE-
like symmetric and anti-symmetric spatial modes (see Fig.
1hii-iii), with propagation constants given by k1(ω) and
k2(ω), respectively. By removing the oxide undercladding,
the suspended interaction regions (see Fig. 1c) also sup-
port a 6-GHz guided elastic wave, which mediates efficient
(Gb ∼= 470 W−1m−1) nonlinear coupling between the two
optical modes. This phonon field has an intrinsic dissipa-
tion rate (Γ/(2pi)) of 14.2 MHz, corresponding to a decay
length (lc) of 60 µm. The cross section of this device
is designed for maximal inter-modal Brillouin coupling,
with transverse dimensions identical to the device studied
in Ref. [36]. This hybrid photonic-phononic waveguide
structure is continuously suspended by an array of nano-
scale tethers, permitting seamless traveling-wave coupling
over centimeter length scales.
We realize optomechanical cooling in this continuous
waveguide system through spontaneous Brillouin scatter-
ing. Probe light of frequency ωp (green in Fig. 1a)
is coupled in the symmetric optical spatial mode of
the multimode optomechanical waveguide, which inter-
acts with thermally driven phonons through spontaneous
inter-modal Brillouin scattering. Forward- and backward-
propagating phonons produce Stokes and anti-Stokes side-
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FIG. 2: Experimental heterodyne setup and measurements of spontaneous inter-modal Brillouin scattering. Panel (a) diagrams
the heterodyne scheme used to modify and probe the phonon dynamics. Experiments are performed at room temperature and
atmospheric pressure. A cw laser source (vacuum wavelength of 1535.5 nm) is used to synthesize a strong probe wave (upper arm)
and a 44-MHz blue-shifted optical local oscillator for heterodyne detection (lower arm). The probe wave intensity is controlled
using an erbium-doped fiber amplifier (EDFA) and a variable optical attentuator (VOA) before being coupled on-chip, where it
interacts with a thermal phonon field via inter-modal Brillouin scattering. The scattered light propagates in the antisymmetric
spatial mode and then is combined with the optical local oscillator (LO). The interference of the Stokes and anti-Stokes waves
with the optical LO on a photo-receiver produces unique microwave spectra centered at Ωb + 2pi× 44MHz and Ωb− 2pi× 44MHz,
respectively. Panel (b) plots a series of Stokes and anti-Stokes heterodyne spectra at four distinct probe powers. Note the power-
dependent asymmetry between the Stokes and anti-Stokes spectra in both the peak spectral density and spectral width. (c) plots
the peak spectral density of these spectra as a function of probe power. The trend curve (from Ref. [37]) does not take into
account the spontaneous dispersive symmetry breaking, but does provide a first-order benchmark for the observed Stokes and
anti-Stokes powers. Panel (d) plots the fitted linewidths of the Stokes and anti-Stokes spectra. The temperature is estimated using
the model derived in Supplementary Section 1. These measurements reveal that the collective lifetime of the anti-Stokes phonons
is reduced while that of the Stokes phonons is enhanced. At a maximum probe power of 42 mW, this asymmetry in spectral
width corresponds to more than 30 K of cooling/heating from room temperature. (e) shows the relative scattering efficiencies of
the Stokes and anti-Stokes processes (and respective phonon occupations) as the probe power is increased.
bands, respectively. Both of these scattered waves prop-
agate in the antisymmetric spatial mode of the Brillouin-
active waveguide (Fig. 1a-b).
In this system, inter-modal Brillouin scattering pro-
duces a form of phase-matching-induced symmetry
breaking—or decoupling between the Stokes (heating) and
anti-Stokes (cooling) processes—that is quite distinct from
that of sideband cooling in cavity-optomechanical systems.
This symmetry breaking arises because the Stokes and
anti-Stokes processes are mediated by distinct groups of
phonons that propagate in opposite directions; specifically,
phase-matching requires that qs(Ωb) = k1(ωp) − k2(ωs)
and qas(Ωb) = k2(ωas)− k1(ωp), where ωs and ωas are the
respective Stokes and anti-Stokes frequencies, and qs(Ωb)
and qas(Ωb) are the respective propagation constants of
the Stokes and anti-Stokes phonons at the Brillouin fre-
quency Ωb. As a result, the Stokes process is mediated
by a forward-propagating acoustic field while the anti-
Stokes process is mediated by a backward-propagating
acoustic field, as illustrated in Fig. 1d-f (for further dis-
cussion see Ref. [36]). Thus, phase-matched forward-
traveling phonons experience heating while phase-matched
backward-traveling phonons experience cooling (see Fig.
1b,g). Note that these behaviors are in contrast to those of
forward intra-modal Brillouin processes, which do not ex-
hibit phase-matching-induced symmetry breaking or pro-
duce cooling [38]. After traversing the Brillouin-active
waveguide, the probe and spontaneously-generated side-
4bands are demultiplexed using a integrated mode multi-
plexer, which routes the Stokes and anti-Stokes light off-
chip for spectral analysis, as illustrated in Fig. 1a. As
shown in Fig. 1b, the spectral width of each sideband
(Γs, Γas) gives a direct measure of the associated dissipa-
tion rates and lifetimes of the phonons that mediate the
Stokes and anti-Stokes processes, respectively [37].
Through this phase-matched process, spontaneous
inter-modal Brillouin scattering directly modifies the ther-
modynamic state of the traveling-wave Stokes and anti-
Stokes phonon fields. For the phase-matched backward-
propagating (anti-Stokes) phonons, the presence of a
strong probe field produces an additional damping mech-
anism; phonons annihilated by this scattering process are
converted to anti-Stokes photons, which escape the system
at a rate much greater than the intrinsic dissipation rate
of the phonon field. As a result, the anti-Stokes process re-
duces the average lifetime and occupation of the phonon
field; cooling of the anti-Stokes phonons is manifest as
both a reduction in the phonon lifetime—or broadening
of the spontaneous linewidth (Γas)—and a decrease of the
anti-Stokes scattering efficiency (eas). By contrast, the
presence of a strong probe field yields linewidth narrowing
of the Stokes sideband and increases the Stokes scatter-
ing efficiency (es). These two, intrinsically-decoupled pro-
cesses occur simultaneously, heating forward-propagating
phonons and cooling backward-propagating phonons in
this continuous waveguide system (see Fig. 1g). Under
these conditions, the forward- and backward- propagating
phonon fluxes are no longer balanced, yielding an unusual
form of nonreciprocal phonon transport (see Fig. 1g).
Observation of Brillouin cooling
We examine the effects of Brillouin cooling by perform-
ing optical heterodyne spectroscopy on the spontaneously
scattered light. Figure 2a diagrams the experimental setup
used for these measurements, which are conducted at room
temperature and atmospheric pressure. Probe light of
wavelength 1535.5 nm is generated by a continuous wave
(cw) tunable external cavity laser and split along two
paths. One arm synthesizes an optical local oscillator (LO)
for heterodyne detection by passing the light through an
acousto-optic frequency shifter, which blue-shifts the light
by ∆ = 2pi × 44 MHz. In the second arm, the probe wave
intensity is controlled using an erbium-doped fiber ampli-
fier (EDFA) and a variable optical attenuator (VOA) be-
fore being coupled on chip. Following the Brillouin-active
waveguide, the spontaneously scattered light is separated
from the probe wave using an integrated mode multiplexer
and routed off-chip, where it is combined with the opti-
cal local oscillator for spectral analysis. By allowing the
Stokes and anti-Stokes light to interfere with the LO on a
fast photo-receiver, the optical signals of interest are con-
verted to distinct microwave tones (of frequency Ωb + ∆
and Ωb−∆, corresponding to Stokes and anti-Stokes opti-
cal frequencies of ωp−Ωb and ωp+Ωb, respectively), which
can then be rapidly recorded using a radio-frequency spec-
trum analyzer. In this way, heterodyne spectroscopy per-
mits sensitive, frequency-resolved, high-resolution spec-
tral measurements of Stokes and anti-Stokes sidebands si-
multaneously. Since the scattered Stokes and anti-Stokes
waves are produced by a linear scattering between probe
and phonon fields through a spontaneous process (see Sup-
plementary Section 1), this heterodyne measurement re-
veals the spectra of the phase-matched phonons.
From these measurements, we observe a power-
dependent asymmetry in both scattering efficiency and
linewidth of the spontaneously-generated Stokes and anti-
Stokes sidebands, in agreement with our theoretical pre-
dictions (see Supplementary Section 1). Figure 2b plots
a series of heterodyne Stokes and anti-Stokes spectra at
various probe powers. At low powers, the Stokes and anti-
Stokes spectra exhibit nearly identical scattering rates and
linewidths. However, as the probe power increases, the
peak spectral density of the Stokes wave increases at a
rate greater than that of the anti-Stokes. In addition, the
anti-Stokes (Stokes) spectrum exhibits appreciable spec-
tral broadening (narrowing), revealing a Brillouin-induced
reduction (increase) in phonon lifetime (see Fig. 2d). This
linewidth broadening corresponds to a reduction in anti-
Stokes phonon population by approximately 11%, or 32 K
of effective cooling relative to room temperature.
Pump-probe experiments
An intriguing aspect of this system is the ability to
optically address and control groups of phonons within
a continuous band of acoustic states. These dynamics,
which arise from the optical phase-matching conditions,
also permit a form of wavevector-resolved phonon spec-
troscopy that allows us measure the noise spectral density
and phonon occupation as a function of acoustic wavevec-
tor. This demonstration illustrates a powerful type of
phonon control that is not possible in discrete cavity-
optomechanical systems. To examine these properties, we
perform an additional set of experiments, in which we use
strong laser field to cool a group of phonons while measur-
ing the phonon occupancies with a distinct probing field.
As illustrated in Fig. 3a, these experiments use an addi-
tional continuous wave pump source of frequency ω
(2)
p (dis-
tinct from the probe frequency ω
(1)
p ) to cool the phonon
field through spontaneous Brillouin scattering. Using a
much weaker probe field, we simultaneously measure the
scattered probe sidebands over a range of probe wave-
lengths to characterize the modification of the phonon dy-
namics induced by the strong pump wave. Due to the
optical phase-matching conditions, the center frequencies
of the pump and the probe waves determine the set of
phonon wavevectors with which each field interacts (for
more details, see Supplementary Section 2-3). Thus, pump
and probe waves with different center frequencies will ad-
dress groups of phonons with distinct wavevectors. In this
way, phase-matching permits us to probe the phonon dy-
namics as a function of acoustic wavevector—simply by
tuning the wavelength of the probe field. This form of
wavevector-resolved phonon spectroscopy is performed by
coupling both the pump and probe waves into the sym-
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FIG. 3: Pump-probe spontaneous Brillouin scattering experimental setup and measurements. Panel (a) diagrams the experimental
scheme used for the pump-probe experiments. These measurements involve two tunable, cw lasers. The first, labeled the probe
laser (indexed by superscript (1)), which has a fixed power of 8 mW, is used to probe the phonon dynamics. Since the optical LO
(blue-shifted 44 MHz by the acousto-optic modulator (AOM)) is synthesized from the probe source, the heterodyne Stokes and
anti-Stokes signals centered at (Ωb + 2pi× 44 MHz and Ωb− 2pi× 44 MHz, respectively) originate entirely from the spontaneously
scattered probe light. The second source, labeled the pump laser (indexed by superscript (2)), is used to investigate the effect
of a strong pump wave on the phonon dynamics. Panel (b) shows the difference in Stokes and anti-Stokes phonon dissipation
rates (spectral widths of the Stokes and anti-Stokes sidebands produced by the probe laser) as a function of probe wavelength
while the pump wavelength remains fixed at λ
(2)
p = 1535.6 nm. Each data point represents the difference between Stokes and
anti-Stokes dissipation rates at a pump power (P
(2)
p ) of 30 mW, obtained by fitting the measured spectral widths over a series
of 10 different pump powers. The theoretical trend (see Eq. 3) is superimposed. The phonon wavevector is calculated from the
effective phase and group indices of the two optical spatial modes supported by the silicon waveguide (see Supplementary Section
3,6), and the anti-Stokes phonon occupation is estimated by a comparison with the spatio-temporal theory. This comparison is
verified by additional high-resolution pump-probe experiments (see Supplentary Section 4). (bi) Example spectra when the probe
wave is not phase-matched to the same group of phonons as the pump wave. In this case, the dissipation rates for the Stokes and
anti-Stokes phonons remain constant as the pump power increases. (bii) Example spectra when the probe wave is phase-matched
to the same group of phonons as the pump wave. Here, increasing the pump power enhances the dissipation rate asymmetry (see
also Supplementary Section 4). These data reveal that the pump wave reduces the phonon occupation over a narrow band of
phonon wavevectors, with a bandwidth given by ∆q = 2.78/L (see Supplementary Section 3).
metric mode of the Brillouin-active waveguide. Through
spontaneous inter-modal Brillouin scattering, these waves
produce two distinct sets of Stokes and anti-Stokes side-
bands that propagate in the antisymmetric optical spatial
mode.
To analyze the phonon dynamics, we isolate the spon-
taneously generated probe sidebands from the fields gen-
erated by the pump wave using the frequency selectivity
provided by heterodyne detection. By synthesizing a lo-
cal oscillator (LO) from the probe wave and combining
the scattered fields with the LO on a high-speed photo-
receiver (Fig. 3a), the Stokes and anti-Stokes light gener-
ated by the probe and pump waves produce unique sets of
microwave tones that are easily distinguished using a spec-
trum analyzer. Throughout these experiments, the Stokes
(+) and anti-Stokes (-) signals produced by the probe
wave appear at respective microwave frequencies Ωb ±∆.
By contrast, the scattered light associated with the pump
produces microwave signals at vastly different frequencies
(|(ω(2)p ± Ωb) − (ω(1)p + ∆)|) that vary with pump-probe
detuning. Thus, provided that |ω(2)p − ω(1)p |/(2pi) > 100
MHz and |ω(2)p − (ω(1)p ±Ωb)|/(2pi) > 100 MHz, the Stokes
and anti-Stokes sidebands are easily distinguished from
the signals produced by the pump wave.
This experimental scheme allows us to perform thermal
phonon spectroscopy and observe the cooling effects pro-
duced by the pump wave as a function of phonon wavevec-
tor. This is accomplished by keeping the pump wave-
length fixed while performing heterodyne spectral anal-
ysis over a range of probe wavelengths and pump pow-
ers. The results plotted in Fig. 3b show the dissipation
rate difference between Stokes and anti-Stokes spectra and
the estimated anti-Stokes phonon occupation as a func-
tion of phonon wavevector. Each data point represents
the average change in dissipation rate (and phonon num-
6ber) that is obtained from a series of spectral measure-
ments as the pump power is increased. Example spec-
tra when the probe wave is (is not) phase-matched to
the same group of phonons as the pump wave are plot-
ted in Fig. 3ii (Fig. 3i). These pump-probe experiments
show that spontaneous Brillouin scattering produces cool-
ing over a narrow band of phonon wavevectors, with a
wavevector bandwidth inversely proportional to the length
of the device (see Supplementary Section 3). As a result,
this form of optomechanical cooling produces a cold win-
dow in wavevector space, distinct from the cold frequency
windows typically produced by optomechanical resonators
[21, 23]. Thus, this waveguide system gives access to a
continuum of phonon modes that can be optomechanically
controlled as a function of acoustic wavevector.
Cooling dynamics
Our experimental observations can be explained by a
succinct spatio-temporal model, which captures the essen-
tial dynamics of continuum optomechanical cooling (see
Supplementary Section 1-2). Starting from a Hamiltonian
formalism that describes traveling-wave optomechanical
interactions [37, 39], we calculate the coupled equations
of motion for the phonon and anti-Stokes fields. For the
purposes of this derivation, we describe the optical fields
as functions of position and the phonon field as a contin-
uous sum over wavevector mode amplitudes. This choice
is particularly convenient because the phonon density of
states is constant in wavevector space, and the mode oc-
cupation is well-defined for each phonon wavevector.
Due to the disparate dissipation rates for the optical (γ)
and acoustic fields (Γ), we can use separation of time scales
(i.e., Γ  γ) to greatly simplify the equations of motion,
which allows us to eliminate the temporal dynamics of
the anti-Stokes field. In this limit, the anti-Stokes field
adiabatically follows the temporal dynamics given by the
stochastically (or thermally) driven phonon field.
As derived in Supplementary Section 1, the separation
of time scales yields a solution for the effective amplitude
of the group of phase-matched phonons that interact with
the anti-Stokes field, which is given by
β(t) =
∫ L
0
dz′
∫ ∞
−∞
dq′
∫ ∞
0
dt′
[
1− ΓGbPp(L− z
′)
4
t′
]
× ηq′(t− t′)e−Γ2 t′ei(q′−∆kas)z′ .
(1)
Here, L is the length of the interaction region, ∆kas is
the wavevector difference between two optical fields (i.e.,
∆kas ≡ kas − kp), ηq(t) is a Langevin force describing the
stochastic thermal driving of the elastic field, and Gb is the
Brillouin gain coefficient of the Brillouin-active waveguide
(with units of W−1m−1).
From Equation 1, we find that the occupation of the
phonon field (〈n(∆kas)〉), relative to the thermal value
(〈nth(∆kas)〉), is given by
〈n(∆kas)〉
〈nth(∆kas)〉 =
〈β†(t)β(t)〉
〈β†th(t)βth(t)〉
≈ 1− GbPpL
4
≈ Γ
Γas,eff
,
(2)
in the limit when (GbPpL/4)
2  1. Above, Γas,eff is
defined as Γas,eff = Γ (1 +GbPpL/4) (see Supplementary
Section 1). From Eq. 2, we observe that the additional
optomechanical damping yields a net reduction in the anti-
Stokes phonon occupation.
We next summarize the salient results of our pump-
probe analysis, which elucidates the role of phase-
matching in the cooling process (presented Supplementary
Section 2). The presence of a pump wave yields additional
terms in the interaction Hamiltonian, producing a coupled
set of equations that describe the phonon dynamics. We
find it convenient to solve the coupled phonon dynam-
ics in terms of the fields β(1)(t) and β(2)(t), representing
the phonon bands that interact with the probe and pump
waves, respectively.
To simplify our analysis, we assume that the probe wave
power is weak (P
(1)
p ) and that the pump wave (of power
P
(2)
p ) modifies the phonon population to first order (i.e.,
GbP
(1)
p L/4  1 and (GbP (2)p L/4)2  1), conditions that
are well-satisfied for our pump-probe experiments. In this
case, the occupation of the phonon bands interacting with
the weak probe wave (relative to the thermal value) is
given by
〈n(1)(∆kas)〉
〈n(1)th (∆kas)〉
=
〈β(1)†(t)β(1)(t)〉
〈β(1)†th (t)β(1)th (t)〉
≈ 1− GbP
(2)
p L
4
sinc2
[
(∆k
(2)
as −∆k(1)as )L
2
]
.
(3)
Here, superscripts (1) and (2) index the optical fields
sourced by the probe and pump waves, respectively. Thus,
∆k
(1)
as and ∆k
(2)
as are the phase-matching conditions of the
probe and pump waves, respectively (i.e., qas = ∆kas ≡
k2(ωp + Ωb) − k1(ωp), see Supplementary Section 3 for
more details). The theoretical trend in Fig. 3b was ob-
tained directly from Eq. 3, which agrees well with our
experimental data. In the case of optimal phase-matching
(i.e., ∆k
(2)
as = ∆k
(1)
as ) and low pump power, this result
agrees with the cooling effect produced in the single probe
case (see Eq. 2).
This analysis, in conjunction with our experimental
observations, reveals that the optical fields phase-match
to a narrow band of phonon wavevectors, with a phase-
matching bandwidth (full width at half maximum) deter-
mined by the length of the system (i.e., ∆q = ∆k
(2)
as −
∆k
(1)
as = 2.78/L, see Supplementary Section 3). This is
particularly striking given that the phonon field is heav-
ily damped in the spatial domain, with an intrinsic de-
cay length of less than 60 µm ( ∼ 400× shorter than the
7device length). Nevertheless, due to the disparate veloci-
ties of the interacting light and sound fields, optical phase
matching plays the dominant role in selecting the phonon
wavevectors that participate in the heating and cooling
processes. In this way, the phase-matched optomechanical
cooling process can be understood as a form of wavevector-
selective reservoir engineering.
An important consequence of these dynamics is that the
degree of phonon cooling depends on the length of the de-
vice. However, we note that although the cooling efficiency
increases with device length, optomechanical cooling oc-
curs over a narrower bandwidth of phonon wavevectors. In
addition, the cooling behavior is contingent upon the sep-
aration of time scales, which places a limit on the length
of the device. If this separation of time scales (γ  Γ) is
not satisfied, energy transferred from the acoustic field to
the optical fields will return to the acoustic field, rather
than escaping the system. Thus, longer systems can face
a fundamental challenge to achieve Brillouin cooling; the
lower limit of the optical dissipation rate, set by the tran-
sit time, cannot be smaller than the acoustic dissipation
rate. This sets a practical limitation to the length over
which cooling can occur, namely that L vg/Γ.
DISCUSSION
In this Letter, we have reported phonon cooling in a
continuous optomechanical system, and we show that this
form of cooling is possible without an optical cavity or
discrete acoustic modes. This demonstration represents
an important entry point for new types of optomechani-
cal operations not possible in single-mode (i.e., lumped-
element or zero-dimensional) cavity-optomechanical sys-
tems [26]. One intriguing possibility is the use of this
type of cooling for reservoir engineering [40] and nonre-
ciprocal control of thermal phonon transport [25]. With-
out the frequency constraints imposed by optical cavi-
ties, continuous optomechanical systems such as this could
prove advantageous for bath engineering over exception-
ally large optical and phonon bandwidths [1]. Moreover,
combining these concepts with novel photonic-phononic
emit-receive devices—in which disparate optical waveg-
uides couple through a single traveling-wave phonon field
[41, 42]—could unlock a new array of non-local optome-
chanical phemenona, ranging from mechanically-mediated
optical entanglement to non-classical states of light.
In summary, we have demonstrated traveling-wave
phonon cooling in a continuous optomechanical system.
This cooling is made possible by the large coupling
rates and phase-matching-induced symmetry breaking
produced by inter-modal Brillouin scattering within an
optomechanical silicon waveguide. Through a novel type
of thermal phonon spectroscopy, we show that sponta-
neous Brillouin scattering produces a cold wavevector win-
dow in which traveling-wave phonons are optomechani-
cally cooled. This result represents a first step toward
wavevector-tunable thermodynamic phonon control, and
may open the door to new types of reservoir engineer-
ing, nonreciprocal phonon transport, multimode squeez-
ing, and strategies of encoding information in the phononic
degrees of freedom in continuous systems.
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21. CONTINUUM OPTOMECHANICAL COOLING DYNAMICS
This section outlines a derivation for the effect of spontaneous inter-modal Brillouin scattering on the anti-Stokes
phonon lifetime and population. The intrinsic decoupling between Stokes and anti-Stokes processes allows us to derive
the dynamics of each process separately. Starting from the formalism developed in Ref. [1], the Hamiltonian for the
spontaneous Brillouin interaction can be expressed as
H = ~
∫ ∞
−∞
dz′A†p(z
′, t)ω1(kˆz′)Ap(z′, t)
+ ~
∫ ∞
−∞
dz′A†as(z
′, t)ω2(kˆz′)Aas(z′, t)
+ ~
∫ ∞
−∞
dq′Ωq′b
†
q′bq′
+
~√
2pi
∫ ∞
−∞
dq′
∫ L
0
dz′g0A†as(z
′, t)Ap(z′, t)bq′ei(q
′−∆kas)z′
+
~√
2pi
∫ ∞
−∞
dq′
∫ L
0
dz′g∗0Aas(z
′, t)A†p(z
′, t)b†q′e
−i(q′−∆kas)z′ .
(1)
Here, the wavevector difference between pump and anti-Stokes fields is defined by ∆kas ≡ k2(ωas)− k1(ωp), g0 is the
Brillouin coupling rate given by the acoustic-optic overlap and photo-elastic tensor, and the Taylor expansion of the
symmetric and antisymmetric optical mode dispersion relations in the z basis are given by ωi(kˆz) ≡
∑∞
n=0
1
n!
∂nωi
∂kn (−i ∂∂z )n.
From the Heisenberg equations of motion, we calculate the spatio-temporal dynamics of the continuous phonon and
anti-Stokes fields. Using the fact that [Aas(z
′, t), A†as(z, t)] = δ(z − z′) and [bq′(t), b†q(t)] = δ(q − q′) [1], these equations
are computed to be
b˙q(t) = −iΩqbq(t)− Γ
2
bq(t) + ηq(t)−
ig∗0A
†
p(t)√
2pi
∫ L
0
dz′Aas(z′, t)e−i(q−∆kas)z
′
A˙as(z, t) = −vg ∂
∂z
Aas(z, t)− iωasAas(z, t)− γ
2
Aas(z, t)− ig0Ap(t)√
2pi
∫ ∞
−∞
dq′bq′(t)ei(q
′−∆kas)z.
(2)
Here, we pause briefly to summarize the steps and assumptions involved in this derivation. We assume the that the
probe wave (Ap) remains undepleted through the spontaneous process (i.e., Ap(z, t) = Ap(t)), which is very well satisfied
in the present system. To include the effects of dissipation, we introduce the phonon decay rate, Γ, and an associated
Langevin stochastic driving term ηq(t), which maintains the system in thermal equilibrium in the absence of optical
forcing; ηq(t) has a two-time correlation function given by 〈η†q′(t′)ηq(t)〉 = Qδ(t − t′)δ(q − q′), where Q is given by the
thermal equilibrium properties of the system and is consistent with the fluctuation dissipation theorem; in this case,
Q = nthΓ, where nth is given by the Planck distribution (nth = [exp(~Ωb/(kbT )) − 1]−1). We treat the optical fields
classically and ignore the Langevin driving force associated with the optical anti-Stokes dissipation rate (γ), since the
thermal occupation of the anti-Stokes field is, for our purposes, negligible (i.e., nas ∼= 10−14). For the anti-Stokes field,
we limit the Taylor expansion of the optical dispersion relation to first order and ignore higher order dispersion.
Next, we move into the rotating frame to formally solve the equation of motion for the anti-Stokes field. By introducing
Aas(z, t) = A¯as(z, t)e
−iωt, Ap(z, t) = A¯p(z, t)e−iωpt, and bq(t) = b¯q(t)e−iΩt (where Ω = ω − ωp), the equation of motion
for the anti-Stokes wave in the rotating frame becomes
˙¯Aas(z, t) = −vg ∂
∂z
A¯as(z, t) + [−i(ωas − ω)− γ
2
]A¯as(z, t)− ig0A¯p(t)√
2pi
∫ ∞
−∞
dq′b¯q′(t)ei(q
′−∆kas)z. (3)
Since, in this system, γ  Γ and γ  |ωas − ω|, we can adiabatically eliminate the temporal dynamics of the anti-
Stokes field (i.e., ˙¯Aas = 0). In other words, because the anti-Stokes field is heavily damped in time, the temporal
dynamics of the anti-Stokes field adiabatically follow those of the phonon field. In this limit, the anti-Stokes mode
envelope amplitude is given by
A¯as(z, t) =
−ig0A¯p(t)
vg
√
2pi
∫ z
0
dz′
∫ ∞
−∞
dq′b¯q′e
i(q′−∆kas)z′− γ2vg,2 (z−z
′)
. (4)
Since 2vg  γL, the factor exp{− γ2vg,2 (z − z′)} within the integrand is, to a good approximation, unity. As a result,
we can insert this solution into the equation of motion for the phonon field to find
˙¯bq = −i(Ωq − Ω)b¯q − Γ
2
b¯q + ηq(t)− |g0|
2|A¯p|2
vg,2(2pi)
∫ L
0
dz′
∫ z′
0
dz′′
∫ ∞
−∞
dq′b¯q′ei(q
′−∆kas)z′′−i(q−∆kas)z′ (5)
3We proceed by first performing the integrals over space. The resulting integrand can then be separated into real and
imaginary parts. We are interested in the case where q = ∆kas and Ω = Ω∆kas , or when the phonon wavevector is
defined by optimal phase-matching with the optical fields. These conditions yield
˙¯b∆kas = −
Γ
2
b¯∆kas + η∆kas(t)−
|g0|2|Ap|2
vg,2(2pi)
∫ ∞
−∞
dq′b¯q′ [
1− cos [L(∆kas − q′)]
(∆kas − q′)2 + i
L(q′ −∆kas) + sin [L(∆kas − q′)]
(∆kas − q′)2 ].
(6)
The real and imaginary coefficients multiplying b¯q′ in the integrand are sharply peaked even and odd functions (about
q′ = ∆kas), respectively. We also note that b¯q′ is nearly symmetrically distributed about q′ = ∆kas due to the thermal
distribution. These conditions yield an approximate equation of motion for the phonon field, given by
b˙∆kas = −iΩ∆kasb∆kas −
Γas,eff
2
b∆kas + η∆kas(t), (7)
where Γas,eff = Γ (1 +GbPpL/4).
Here, Pp is the probe power and Gb is the Brillouin gain coefficient (with units W
−1m−1) defined by Gb =
4|g0|2|Ap|2/(PpΓvg,2). Equation 7 reveals that the presence of the strong pump modifies the equation of motion for
the phonon through an additional damping term. The anti-Stokes process annihilates a phonon and a pump photon
to generate an anti-Stokes (or blue-shifted) photon. Hence, the anti-Stokes process reduces the lifetime of the phonon,
evident as a correction to the damping rate.
We now return to Eq. 5, in order to make a transformation that simplifies our analysis and provides a direct connection
to our measurements. We begin by defining
β(z, t) ≡
∫ z
0
dz′
∫ ∞
−∞
dq′b¯q′(t)ei(q
′−∆kas)z′
ξ(z, t) ≡
∫ z
0
dz′
∫ ∞
−∞
dq′ηq′(t)ei(q
′−∆kas)z′ .
(8)
Here, β(z, t) represents the amplitude of the band of phase-matched phonons that interact with the probe wave (see
Eq. 4), and ξ(z, t) is the Langevin force under this transformation. Re-expressing Eq. 5 in terms of β(z, t) and ξ(z, t)
yields
β˙(z, t) = −Γ
2
β(z, t) + ξ(z, t)− |g0|
2|Ap|2
vg
∫ z
0
dz′β(z′, t). (9)
We proceed by performing a Fourier transform in time and taking a spatial derivative, which yields
dB[z, ω]
dz
= −χGbPpΓ
4
B[z, ω] + χ
∫ ∞
−∞
dq′η˜q′ei(q
′−∆k(1)as )z. (10)
Here, we have defined χ ≡ 1/(−iω+Γ/2), B[z, ω] is the Fourier transform of β(z, t), and η˜q′ is the Fourier transformed
Langevin force (i.e., η˜q′ [ω] = F [ηq′ ] ≡ 1/(2pi)
∫∞
−∞ ηq′(t)e
−iωt). We have also used the fact that |g0|2|Ap|2/vg = GbPpΓ/4
[1].
Solving Eq. 10 yields
B[z, ω] =
∫ z
0
dz′
∫ ∞
−∞
dq′χη˜q′e−
χΓPp(z−z′)
4 ei(q
′−∆kas)z′ . (11)
To simplify the inverse Fourier transform, we Taylor expand e−
χΓPp(z−z′)
4 to first order, which is a good approximation
in view of the probe power, Brillouin gain coefficient, and length of this system. We then perform an inverse Fourier
transform via the convolution theorem, yielding the solution for β(z, t), which is given by
β(z, t) =
∫ z
0
dz′
∫ ∞
−∞
dq′
∫ ∞
0
dt′
[
1− ΓGbPp(z − z
′)
4
t′
]
ηq′(t− t′)e−Γ2 t′ei(q′−∆kas)z′ . (12)
In the absence of the probe field (i.e., Pp = 0), the solution for the thermal phonon field (i.e., βth(z, t)) is given by
βth(z, t) =
∫ z
0
dz′
∫ ∞
−∞
dq′
∫ ∞
0
dt′ηq′(t− t′)e−Γ2 t′ei(q′−∆kas)z′ . (13)
4As a result, the modified occupation of the band of phonons interacting with the probe wave (〈n(∆kas)〉) relative the
thermal occupation (〈nth(∆kas)〉) is given by
〈n(∆kas)〉
〈nth(∆kas)〉 =
〈β†(L, t)β(L, t)〉
〈β†th(L, t)βth(L, t)〉
= 1− GbPpL
4
+
G2bP
2
pL
2
24
≈ 1− GbPpL
4
≈ Γ
Γas,eff
,
(14)
where the approximations assume that (GbPpL/4)
2  1. From Eq. 14, we observe that the additional damping
produced by spontaneous anti-Stokes scattering pushes the phonon field out of thermal equilibrium, yielding a reduction
in the phonon occupation.
Following a similar derivation one can show that the effective dissipation rate for Stokes phonons is Γs,eff = Γ
(
1 −
GbPpL/4
)
, and the phonon occupation is
〈n(∆kas)〉
〈nth(∆kas)〉 = 1 +
GbPpL
4
+
G2bP
2
pL
2
24
≈ 1 + GbPpL
4
≈ Γ
Γs,eff
(15)
Thus, the spontaneous Stokes process reduces the damping and increases the thermal occupation of the phonon field.
2. PUMP-PROBE COOLING THEORY
In this section, we derive the dynamics of our pump-probe experiments (Fig. 3) and show how phase-matching allows
us to perform wavevector-resolved measurements of the phonon occupation. In these measurements, we use a strong
pump wave (of amplitude A
(2)
p ) to modify the phonon dynamics and a weak probe wave (of amplitude A
(1)
p ) to measure
the phonon occupation. In this case, the interaction Hamiltonian of the system is given by
Hint =
~√
2pi
×[∫ ∞
−∞
dq′
∫ L
0
dz′g0A(1)†as (z
′, t)A(1)p (z
′, t)bq′ei(q
′−∆k(1)as )z′
+
∫ ∞
−∞
dq′
∫ L
0
dz′g∗0A
(1)
as (z
′, t)A(1)†p (z
′, t)b†q′e
−i(q′−∆k(1)as )z′
+
∫ ∞
−∞
dq′
∫ L
0
dz′g0A(2)†as (z
′, t)A(2)p (z
′, t)bq′ei(q
′−∆k(2)as )z′
+
∫ ∞
−∞
dq′
∫ L
0
dz′g∗0A
(2)
as (z
′, t)A(2)†p (z
′, t)b†q′e
−i(q′−∆k(2)as )z′
]
.
(16)
Here, superscripts (1) and (2) index the optical fields sourced by the probe and pump waves, respectively. Here, we
note that the phase-matching conditions ∆k
(1)
as and ∆k
(2)
as are given simply by the wavelengths of the probe and pump
waves, respectively, which in general are distinct (for further details see Section 3). We next compute and simplify the
equations of motion following the same approach used to develop Eqs. 1-5. This leads to the following equation for the
phonon field of wavevector q
5˙¯bq = −i(Ωq − Ω)b¯q − Γ
2
b¯q − ηq(t)
− |g0|
2|A¯(1)p |2
vg(2pi)
∫ L
0
dz′
∫ z′
0
dz′′
∫ ∞
−∞
dq′b¯q′ei(q
′−∆k(1)as )z′′−i(q−∆k(1)as )z′
− |g0|
2|A¯(2)p |2
vg(2pi)
∫ L
0
dz′
∫ z′
0
dz′′
∫ ∞
−∞
dq′b¯q′ei(q
′−∆k(2)as )z′′−i(q−∆k(2)as )z′ .
(17)
From Eq. 17, it is evident that both the probe and the pump waves can contribute to Brillouin cooling as long as
they satisfy phase matching. This produces a system of equations describing the coupled dynamics of the the phonon
bands interacting with the probe and pump waves (i.e., setting q = ∆k
(1)
as and q = ∆k
(2)
as , respectively).
We now transform Eq. 17 using the same procedure used to obtain Eq. 9. We begin by defining
β(m)(z, t) ≡
∫ z
0
dz′
∫ ∞
−∞
dq′b¯q′(t)ei(q
′−∆k(m)as )z′ , (18)
where m = (1, 2). From Eq. 18, it can be seen that β(1)(z, t) and β(2)(z, t) represent the narrow bands of phonons that
interact with the probe and pump waves, respectively, as dictated by phase-matching. Rewriting Eq. 17 in terms of
these new spatially dependent functions yields the following coupled integral equations given by
β˙(1)(z, t) = −Γ
2
β(1)(z, t) + ξ(1)(z, t)
− |g0|
2|A(1)p |2
vg
∫ z
0
dz′β(1)(z′, t)− |g0|
2|A(2)p |2
vg,2
∫ z
0
dz′β(2)(z′, t)ei(∆k
(2)
as −∆k(1)as )z′
β˙(2)(z, t) = −Γ
2
β(2)(z, t) + ξ(2)(z, t)
− |g0|
2|A(1)p |2
vg
∫ z
0
dz′β(2)(z′, t)− |g0|
2|A(1)p |2
vg,2
∫ z
0
dz′β(1)(z′, t)ei(∆k
(1)
as −∆k(2)as )z′ .
(19)
Here, ξ(1,2)(z, t) is the Langevin force describing the thermal fluctuations of these phonon bands, defined by
ξ(1,2)(z, t) ≡ ∫ z
0
dz′
∫∞
−∞ dq
′ηq′(t)ei(q
′−∆k(1,2)as )z′ . We next note that |g0|2|A(1,2)p |2/vg = GbP (1,2)p Γ/4, where P (1,2)p is
the power of the probe and pump waves, respectively. Rewriting Eq. 19 in terms of these constants and taking the
Fourier transform in time yields
−iωB(1)[z, ω] = −Γ
2
B(1)[z, ω] + ξ˜(1)[z, ω]
− GbP
(1)
p Γ
4
∫ z
0
dz′B(1)[z′, ω]− GbP
(2)
p Γ
4
∫ z
0
dz′B(2)[z′, ω]ei(∆k
(2)
as −∆k(1)as )z′
−iωB(2)[z, ω] = −Γ
2
B(2)[z, ω] + ξ˜(2)[z, ω]
− GbP
(2)
p Γ
4
∫ z
0
dz′B(2)[z′, ω]− GbP
(1)
p Γ
4
∫ z
0
dz′B(1)[z′, ω]ei(∆k
(1)
as −∆k(2)as )z′ .
(20)
Here, B(1,2)[z, ω] and ξ˜(1,2)[z, ω] are the Fourier-transformed phonon fields and Langevin force, respectively. Taking
the spatial derivative of these equations yields
dB(1)[z, ω]
dz
= −χGbP
(1)
p Γ
4
B(1)[z, ω]− χGbP
(2)
p Γ
4
B(2)[z, ω]ei(∆k
(2)
as −∆k(1)as )z + χ
∫ ∞
−∞
dq′η˜q′ei(q
′−∆k(1)as )z
dB(2)[z, ω]
dz
= −χGbP
(2)
p Γ
4
B(2)[z, ω]− χGbP
(1)
p Γ
4
B(1)[z, ω]ei(∆k
(2)
as −∆k(1)as )z + χ
∫ ∞
−∞
dq′η˜q′ei(q
′−∆k(2)as )z.
(21)
Here, χ ≡ 1/(−iω + Γ/2) and η˜q′ is the Fourier-transformed Langevin force (i.e., η˜q′ [ω] = F [ηq′ ] ≡
1/(2pi)
∫∞
−∞ ηq′(t)e
−iωt). We solve Eq. 21 perturbatively in a manner that is consistent with our experimental pa-
rameters. Here we assume that the probe wave is weak and that the strong pump wave modifies the phonon dynamics
to first order. This analysis requires that GbP
(1)
p L/4  1 and (GbP (2)p L/4)2  1, which is well-satisfied in our pump-
probe experiments. Under this approximation, Eq. 21 simplifies to
6B(1)[z, ω] =
∫ ∞
−∞
dq′
∫ z
0
dz′χη˜q′ei(q
′−∆k(1)as )z′ − GbP
(2)
p Γ
4
∫ L
0
dz′B(2)[z′, ω]ei(∆k
(2)
as −∆k(1)as )z′
B(2)[z, ω] =
∫ ∞
−∞
dq′
∫ z
0
dz′χη˜q′ei(q
′−∆k(2)as )z′
(22)
Substituting B(2)[z, ω] into the equation for B(1)[z, ω] and performing the inverse Fourier transform yields
β(1)(z, t) =
∫ ∞
−∞
dq′
∫ z
0
dz′
∫ ∞
0
dt′ηq′(t− t′)e−Γ2 t′ei(q′−∆k(1)as )z′
− GbP
(2)
p Γ
4
∫ ∞
−∞
dq′
∫ z
0
dz′
∫ z′
0
dz
′′
∫ ∞
0
dt′ηq′(t− t′)t′e−Γ2 t′ei(q′−∆k(2)as )z
′′
ei(∆k
(2)
as −∆k(1)as )z′ .
(23)
From Eq. 23, we compute the occupation of the group of phonons interacting with the probe wave relative to the
equilibrium value. This computation yields
〈n(1)(∆kas)〉
〈n(1)th (∆kas)〉
=
〈β(1)†(L, t)β(1)(L, t)〉
〈β(1)†th (L, t)β(1)th (L, t)〉
= 1− GbP
(2)
p L
4
sinc2
[
(∆k
(2)
as −∆k(1)as )L
2
]
+O
([GbP (2)p L
4
]2)
≈ 1− GbP
(2)
p L
4
sinc2
[
(∆k
(2)
as −∆k(1)as )L
2
]
.
(24)
This is the central result of this section. Thus, if the necessary conditions are satisfied (i.e., GbP
(1)
p L/4  1 and
(GbP
(2)
p L/4)2  1), we can, to an excellent approximation, use the anti-Stokes light generated from the probe wave to
measure the phonon occupation and effective temperature of the band of phonons that are phase-matched to the probe
wave. It is evident that Eq. 24 reaches a minimum when the pump wave is optimally phase-matched to the probe wave
(i.e., ∆k
(2)
as = ∆k
(1)
as ), which occurs when the probe and pump wavelengths are equal λ
(1)
p = λ
(2)
p (see Section 3). In this
case, the phonon occupation is
〈n(1)(∆kas)〉
〈n(1)th (∆kas)〉
≈ 1− GbP
(2)
p L
4
, (25)
which, as a cross-check, agrees with the single-probe theory (see Eq. 14).
3. PHASE-MATCHING BANDWIDTH
Incorporating the known parameters of our system, we next calculate the phase-matching bandwidth of phonon
wavevectors that are appreciably cooled through spontaneous inter-modal Brillouin scattering. We begin by stating
the phase-matching condition required by the anti-Stokes scattering process of the probe wave, namely that q
(1)
as (Ωb) =
∆k
(1)
as ≡ k2(ω(1)p + Ωb)− k1(ω(1)p ), where q(1)as (Ωb) is the wavevector of the phonon field interacting with the probe wave.
Thus, the wavevector of the phonon field is dictated by the frequencies and propagation constants two optical fields. Now,
if we consider the phonon wavevector that interacts with the pump frequency (q
(2)
as (Ωb)), such that ω
(2)
p = ω
(1)
p + ∆ω,
we find that the difference in the two phonon wavevectors is given by
q(2)as (Ωb)− q(1)as (Ωb) = ∆k(2)as −∆k(1)as
= k2(ω
(2)
p + Ωb)− k1(ω(2)p )
− [k2(ω(1)p + Ωb)− k1(ω(1)p )].
(26)
7Ignoring higher order dispersion, we can simplify this expression in terms of the group velocities of the two interacting
optical spatial modes (vg,1 and vg,2 for the symmetric and antisymmetric spatial mode, respectively). This simplification
yields an expression given by
∆k(2)as −∆k(1)as =
[
1
vg,2
− 1
vg,1
]
∆ω. (27)
Here, ∆ω = ω
(2)
p −ω(1)p . The phase-matching bandwidth is given by Eq. 24, which is shown in Fig. 3. As a result, the
full width at half maximum (FWHM) is (∆k
(2)
as − ∆k(1)as ) = 2.78/L. Thus, in k-space, the phase-matching bandwidth
is simply determined by the length of the waveguide. As a result, the FWHM of the phase-matching bandwidth (in
∆f = ∆ω/2pi) becomes
FWHM =
2.78
piL
[
1
| 1vg,1 − 1vg,2 |
]
. (28)
Inserting the parameters of this silicon system (detailed in Methods), we find that the phase-matching bandwidth is
91.4 GHz (0.72 nm). This calculation finds good qualitative agreement with the phase-matching bandwidth exhibited
by the pump probe experiments (see Fig. 3). Thus, by shifting the probe wavelength by several nm, we can cool an
entirely different group of phonons. In this way, the conditions set by phase-matching permit cooling of continuously
accessible groups of phonons in a wavevector-selective fashion.
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FIG. S1: Pump-probe spontaneous Brillouin scattering measurements. Panel (a)i-ii plots the salient effects of a strong pump wave
on the probe spectra when the pump is within the phase matching bandwidth (λ
(2)
p = 1535.6 nm, λ
(1)
p = 1535.53 nm). When this
phase-matching condition is satisfied (i.e., the pump wave is interacting with the same band of phonon wavevectors), we observe
that the anti-Stokes (Stokes) probe spectra experiences linewidth broadening (narrowing) as the pump power is increased (see
panel (ai)), revealing that the pump wave coherently modifies the lifetimes of the Stokes and anti-Stokes phonons. Panel (aii) plots
the ratio of Stokes to anti-Stokes power (proportional to the ratio of phonon occupations) as a function of total on-chip power
and the theoretical trend from the expected change in Stokes and anti-Stokes phonon occupations. Panel (b)i-ii plots the spectral
widths and relative powers of the Stokes and anti-Stokes light (along with associated theoretical trends) when the pump wave is
not phase-matched to the phonons interacting with the probe wave (λ
(2)
p = 1537.3 nm, λ
(1)
p = 1535.53 nm). We observe that the
spectral widths and ratio of Stokes to anti-Stokes powers remains constant as a function of pump power, which is consistent with
the theoretical trend (black). Note that the constant dissipation rate asymmetry is due to the presence of the probe wave.
4. ADDITIONAL MEASUREMENTS
In this section, we present additional pump-probe measurements, which are shown in Fig. S1. These pump-probe
experiments are performed using the setup diagrammed in Fig. 3a, with a fixed on-chip probe power of 8 mW and
8a variable pump power. We first perform a series of spontaneous measurements when the pump is within the phase
bandwidth (λ
(2)
p = 1535.6 nm, λ
(1)
p = 1535.53 nm). The salient properties of these measurements are plotted as a
function of total on-chip power in Fig. S1ai-ii. Figure S1ai plots the dissipation rates of the Stokes and anti-Stokes
spectra, while Fig. S1aii plots the ratio of Stokes to anti-Stokes phonon occupations. From these data, it is evident
that as the pump power increases, the anti-Stokes phonons experience a shorter lifetime and consequently a reduction
in population, while the Stokes phonon lifetime and population are enhanced. By contrast, for the case when the pump
is outside the phase-matching bandwidth, the linewidth and occupation asymmetry between the Stokes and anti-Stokes
spectra remain unchanged as the pump power increases, as seen in Fig. S1bi-ii.
These results (1) demonstrate that the dissipation rates can be used to faithfully estimate the phonon occupations (as
evident in Eq. 14) and (2) rule out the possibility that these effects are due to optical-only gain filtering (i.e., spectral
narrowing or broadening associated with optical nonlinear gain or loss, respectively).
5. DEVICE FABRICATION
The Brillouin-active waveguide devices are fabricated from a single-crystal silicon-on-insulator (SOI) wafer with a 3-µm
SiO2 layer beneath a 215-nm layer of crystalline silicon (see Refs. [2–4] for ancillary details). Optical ridge waveguides
are patterned using electron beam lithography on negative hydrogen silsesquioxane photoresist (HSQ) photoresist.
After development in MicropositTM MFTM-312, a reactive ion chlorine etch (RIE) is used to remove 80 nm of silicon,
yielding the ridge height diagrammed in Fig. 1hi. Subsequently, we pattern an array of slots—which both serve
as phononic mirrors and evenutally permit suspension through a wet etch—using electron beam lithography with a
positive ZEP520A photoresist. We next develop these features in xylenes and perform another RIE chlorine etch that
removes the remainder of the silicon within the slots, exposing the oxide under-cladding. Following the RIE process,
we perform a wet etch using 49% hydrofluoric acid, which removes the oxide underneath the waveguide, yielding the
suspended hybrid photonic-phononic waveguide diagramed in Fig. 1c. The suspended waveguide device is 2.305 cm long
and is continuously suspended by an array of 451 nanoscale tethers.
6. IMPORTANT PARAMETERS AND DATA ANALYSIS
All of the parameters in our model are corroborated by independent measurements and simulations (i.e., no fitting
parameters). In this section, we list the important parameters of our system and give an account of how each is
determined.
Parameters Value
L 2.305 cm
vg,1 7.385 ×107 m/s
vg,2 7.163 ×107 m/s
∆kas −4.5× 105 m−1
γ 2pi× 180 MHz
Γ 2pi× 14.2 MHz
Gb 470 W
−1m−1
Ωb 2pi× 6.02 GHz
L, the length of the system, is simply given by the length of the suspended region of the device. The group velocities
of the symmetric and antisymmetric optical spatial modes (vg,1 and vg,2, respectively) are determined through racetrack
ring free spectral range (FSR) measurements (see Supplementary Section of Ref. [4]). The wavevector mismatch between
the two optical spatial modes (∆kas = k2(ωp + Ωb)− k1(ωp)) was found through finite element simulations. As required
by phase-matching, this wavevector mismatch gives the wavevector of the phonon field (i.e., q = ∆kas). γ, the optical
dissipation rate of the antisymmetric optical spatial mode, is given by the linear propagation loss of the antisymmetric
optical waveguide mode (i.e., γ = vgα).
The acoustic dissipation rate (Γ) is given by the spectral width of the spontaneous Stokes and anti-Stokes spectra
at low pump powers. The Brillouin gain coefficient (Gb) was found from nonlinear laser spectroscopy measurements
presented in Ref. [3]. These measurements were performed on a device of identical dimensions. Ωb, the Brillouin
frequency, is determined through the heterodyne spectroscopy presented in this work.
In addition to these parameters, we use the nonlinear loss coefficients given in the supplement of Ref. [3] to determine
the average on-chip probe and scattered powers.
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